In this study, we present a method for extracting the volcanic cloud top height (VCTH) as a plume elevation model (PEM) from orthorectified Landsat 8 data (Level 1). A similar methodology was previously applied to raw Landsat-8 data (Level 0). But level 0 data are not the standard product provided by the National Aeronautics and Space Administration (NASA)/United States Geological Survey (USGS). Level 0 data are available only on demand and consist on 14 data stripes multiplied by the number of multispectral bands. The standard product for Landsat 8 is the ortho image, available free of charge for end-users. Therefore, there is the need to adapt our previous methodology to Level 1 Landsat data. The advantages of using the standard Landsat products instead of raw data mainly include the fast -ready to use-availability of the data and free access to registered users, which is of major importance during volcanic crises. In this study, we adapt the PEM methodology to the standard Landsat-8 products, with the aim of simplifying the procedure for routine monitoring, offering an opportunity to produce PEM maps. In this study, we present the method. Our approach is applied to the 26 October 2013 Mt. Etna episodes comparing results independent VCTH measures from the spinning enhanced visible and infrared imager (SEVIRI) and the moderate resolution imaging spectroradiometer (MODIS).
Introduction
In volcanology, the volcanic cloud-top height (VCTH) is one of the most critical parameters to retrieve. It affects the quantitative estimation of volcanic cloud ash and gases parameters [1] [2] [3] , the mass eruption rate needed for the transport and deposition models [4] [5] [6] and the definition of the most dangerous zone for air traffic. Exploiting their global coverage (in time and space), satellite sensors offer the unique possibility for an effective monitoring of VCTH. In recent years, many techniques have been developed exploiting the dark pixel brightness temperature [2] , the CO 2 [7, 8] and O 2 [9, 10] The 26 October 2013 Mt. Etna Eruption Mt. Etna activity in 2013 was characterized by a sequence of 16 episodes of intense eruptive activity at the summit of the volcano, fed by the New Southeast Crater [22, 23] . The 26 October 2013 episodes stand as the 14th of the year and the 39th paroxysm episode of the sequence started earlier in 2011 [24] [25] [26] . The eruption occurred after a few months of quiescence and started in the early morning on 25 October, displaying mild intra-crater Strombolian activity. On 26 October, the eruptive activity gradually increased in magnitude and frequency of explosions, and lava started pouring from the crater slowly expanding towards the Valle del Bove. In the early morning of 26 October, the explosion intensity increased markedly, and between 2:00 and 10:00 UTC the activity climaxed into a lava fountain. Over the paroxysm, the height of the lava fountain steadily reached~200 m above the crater rim. A significant emission of gas, ash, and lapilli formed an eruptive column that rose convectively several kilometres above the summit of the volcano. The eruption ceased progressively in the late evening, and marked ash fall was reported to be dispersed by the wind southwest of the volcano proximally and distally down to the Ionian Mediterranean Sea [27] . Figure 1 
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The Landsat 8 OLI is a push-broom (linear array) imaging system that collects visible, near infra-100 red, and short-wave infra-red spectral band imagery at 30 m multi-spectral and 15 m panchromatic 101 ground sample distances. It collects 190 km wide image swaths from ~705 km orbital altitude [28] . 
Materials and Methods
The Landsat 8 OLI is a push-broom (linear array) imaging system that collects visible, near infra-red, and short-wave infra-red spectral band imagery at 30 m multi-spectral and 15 m panchromatic ground sample distances. It collects 190 km wide image swaths from~705 km orbital altitude [28] .
The OLI focal plane layout is very well described in [28] and [29] . The OLI detectors are distributed across 14 separate FPMs, each of which covers a portion of the 15 • OLI cross-track field of view. Adjacent FPMs are offset in the along-track direction to allow for FPM-to-FPM overlap, avoiding any gaps in the cross-track coverage. The internal layout of all 14 FPMs is the same, with alternate FPMs being rotated by 180 • to keep the active detector areas as close together as possible. This feature has the effect of inverting the along-track order of the spectral bands in adjacent FPMs. Consequently, this has the effect of inverting the signs of the cross-correlation measurements when calculating pixels offsets between PAN and MS bands, related to the volcanic cloud velocity and parallax.
The general concept of PEM methodology is that the PAN and the MS sensors on board a satellite platform cannot occupy the same position in the focal plane of the push-broom instrument. There is a physical separation between them. This separation yields a baseline and a time lag between the PAN and MS image acquisitions. Two directions are considered: The epipolar direction (EP), i.e., the azimuth direction of the satellite or the flight direction, and the perpendicular (P2E) to the EP direction. The pixel offset between PAN and MS in the EP direction is proportional to the height of the plume plus the pixel offset contribution induced by the motion of the plume itself in between the two acquisitions. The pixel offsets in the P2E direction, also controlled by the time lag, are proportional to the plume motion only, as there is no parallax in the P2E direction by definition. In principle, the offset in the P2E direction is proportional to movements of every feature in the imaged scene (e.g., meteorological clouds, lahars, rivers flow, ocean waves, vehicles). In our case study, we are interested in the volcanic cloud motion only. We use this latter information to compensate for the apparent parallax recorded in the EP offset.
If the data are downloaded in a staggered and orthorectified geometry, the processing is not straightforward, since FPMs are rotated 180 • , and the offset analysis by cross-correlation would yield opposite signs at adjacent image stripes. This hampers the correct deployment of the method described in [21] . To avoid this inconvenience, we propose the following 5 step procedure:
The dataset is rotated, so that the columns of the image matrix are aligned to the nominal azimuth direction of the satellite reported in the ancillary data files. II.
A correlator to perform pixel (or sub-pixel) offset measurements is used (e.g., [30] The direction of the plume is measured with respect to the azimuth direction, with the convention depicted in Figure 2 . IV.
The absolute value of the pixel offsets due to the VCTH is calculated as O h . Generally, O h from staggered sensors should be calculated as follows:
if theta is between zero and 180, or
if theta is between 180 and 360. O h is then converted into a VCTH using the formula provided in [20] :
for every pixel, which makes it a PEM. h is the plume height (m), s is the pixel size (m), V is the platform velocity (m/s), t is the temporal lag between the two Landsat 8 bands (s) and H is the platform height (m). Peculiar cases are: θ = 0 • and θ = 180 • . In these cases, the system is no longer sensitive to plume velocity. Therefore,
V. Finally, the results are re-rotated to their original position. Then, one has to choose a known reference altitude value on land and attribute it to the corresponding pixel. In our case study, we choose to set to zero the coastline close to the city of Catania. 
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It is interesting to note that the P2E offset correspond to cloud (volcanic cloud and non-volcanic Figure 3 shows the offsets results. We show the raw results of the correlator on the left sides and the corrected results on the right side. The vertical stripes on the left sides are due to volcanic (and non-volcanic) cloud velocities and parallax: As the FPMs are inverted 180 • , the correlator yields velocities with sign opposition (as explained in the introduction). The correlation results are corrected by using |O e |, O p2e as described in the above paragraphs. The pixel offsets are expressed in meters. It is interesting to note that the P2E offset correspond to cloud (volcanic cloud and non-volcanic cloud) velocities, which values are comparable to the wind speed represented in Figure 6 . 
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The estimated VCTH has been compared the VCTH extracted by using different procedure Figure 4 shows the VCTH map obtained from the PEM procedure applied to the Landsat orthorectified data. The volcanic cloud height vary from about 6 up to 9.5 km above the sea level (a.s.l.) with the higher values that lie in the central region of the cloud.
Results and Cross-Comparisons
The estimated VCTH has been compared the VCTH extracted by using different procedure applied to other satellite sensors. Note that the cross-comparison here is not used as a validation. It allows us to assess the consistency of the results (i.e., our results are in the same order/scale as independent measurements). A thorough validation is not possible since acquisition times (repeat cycle) of different sensors are not the same as Landsat. Since the VCTH evolves with time, we prefer to call it « cross-comparisons » rather than « validation ». In addition, different sensors acquire data from different positions, introducing a bias in the eventual validation campaign.
Here the VCTH of the Etna 26 October 2013 eruption, used for the cross-comparison with Landsat results, are estimated by using geostationary (SEVIRI) and polar (MODIS) satellite sensors. 
MODIS VCTH Estimation
MODIS is a multispectral radiometer on board the NASA Terra and Aqua polar satellites. It has 36 spectral channels from visible (VIS) to thermal infrared (TIR), with a spatial resolution at sub-satellite of 1 km in the TIR and repetition cycle of 1-2 days. The VCTH is computed by exploiting the well known "dark pixels" procedure, based on the comparison between the brightness temperature at 11 µm of the coldest volcanic cloud pixel (T b,11 ), with the atmospheric temperature profile of the same region at same time [2] . The temperature profile has been obtained from the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) [31] , considering a box with 2.5 • × 2.5 • centred on Etna at 12:00 UTC. The left panel of Figure 5 shows the T b,11 for the MODIS-Terra image collected the 26 October 2013 at 09:00 UTC. The volcanic cloud is clearly visible as dark signature on the right side of the image, while the cyan region indicates no data. The right panel of Figure 5 shows the NCEP temperature profile (grey line) and the T b,11 of the dark pixel (red vertical line). Being 
SEVIRI VCTH Estimation
The SEVIRI instrument on board METEOSAT Second Generation (MSG) geostationary satellites is a 12 channel VIS-TIR multi-channel imager, which operates from 15 min repeat cycle on entire hemisphere (Full Disk) to 5 min over Europe (Rapid Scan). The sub-satellite point spatial resolution is 3 × 3 km 2 , and the pixel dimension in the Etnean area is about 4.3 × 3.3 km. Exploiting the high data frequency of the SEVIRI images, the volcanic cloud speed can be retrieved by following the volcanic cloud centre of mass. By making a basic assumption that the estimated centre of mass speed is the whole volcanic cloud speed, VCTH can be obtained by comparing this value with the wind speed profile collected in the same time and position [26] . Also in this case the wind profile derive from NCEP/NCAR considering a box with 2.5 • x 2.5 • centred on Etna at 12:00 UTC. The upper panels of Figure 6 show the volcanic cloud ash mass maps obtained from the SEVIRI images collected at 09:00 UTC (left panel) and at 10:00 UTC (right panel). In these two images the different position of the volcanic cloud centre of mass is clearly identifiable. The distance of the centre of mass from the vents and the time of acquisition of the SEVIRI images, allows the computation of the volcanic cloud speed (see lower-left panel). This retrieved value is then compared with the wind speed NCEP/NCAR profile (see lower-right panel). In this case the wind speed of the volcanic cloud centre of mass is 18.0 m/s that yield to a VCTH of 10.5 km. An uncertainty of +/-500 m is associated to take into account the uncertainty in the centre of mass identification. It is interesting to note that the P2E offset in Figure 3 corresponding to volcanic cloud velocities, is comparable to the wind speed measured by NCEP/NCAR (~18 m/s) shown in Figure 6 . 
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The strength in the results show the complementarity between these systems. Assimilation models 248 could benefit from complementary constraints brought by these sensors. 
Discussion
The simple cross comparison presented here indicates that VCTH retrievals from Landsat 8, SEVIRI, and MODIS are in good agreement, taking into account the different methodologies and the different times of images acquisition (9:37 UTC for Landsat, 9:00 UTC for MODIS and from 9 to 10:30 UTC for SEVIRI). The volcanic plume is a complex medium made of different materials and chemical species. Different materials (such as ash or ice) and different chemicals (such as SO 2 , H 2 O, and CO 2 , and halogens) are dispersed at different altitudes. As an example, sensors that capture or model SO 2 dispersion in the atmosphere (such as the Infrared Atmospheric Sounding Interferometer, Iasi) will, therefore, measure a different plume altitude compared to sensors that measure visible plume particles (such as Landsat 8 and SEVIRI). This important distinction has to be taken into account when comparing results from different sensors. The PEM method works best for volcanic clouds made of ash particles and optically thick material.
The accuracy of the PEM extracted from Landsat 8 has been already assessed against ground cameras in de Michele et al. (2016) for the Holuraun fissural eruption (Iceland). They reported an accuracy of 300 m. Landsat 8 acquires data at a high spatial resolution (15/30 m grid) at the cost of a medium revisit time (every 14 days). Instead, SEVIRI has the advantage of acquiring data every half an hour everywhere in the globe. This is done at the cost of medium spatial resolution (1 km grid). Statistics performed over VCTH retrieved by Landsat 8 (PEM), SEVIRI and MODIS data on a common area show very good agreement with a maximum height value of 8 (with 1 km precision). The strength in the results show the complementarity between these systems. Assimilation models could benefit from complementary constraints brought by these sensors.
Some questions remain open to future studies. How large must the optical depth or concentration of the particles be to enable VCTH-assessment? How far from the source is the retrieval of VCTH typically possible with Landsat 8 ? We believe that this information would be essential for designing a new, dedicated mission. In general, in our approach, the plume height is not measureable if the plume is not visible in the image (Table 1) . 
Conclusions
Landsat 8 satellites offer a unique opportunity for monitoring volcanic plumes at a high spatial resolution together with the opportunity to study volcanic eruptions back in time by exploiting the data archives. De Michele et al. [21] presented a method to extract the PEM (i.e., the digital elevation model of a volcanic plume) from raw Landsat 8 data. Nevertheless, raw Landsat 8 data are not available to the general public, limiting de facto the straight-forward application of the method. Moreover, the Landsat 8 OLI sensor presents a staggered geometry, which needs tuned processing. In this study, we push the methodology forward: Here we present a generalized, simplified methodology to extract the VCTH as a PEM from the common push broom staggered sensors, such as the standard Landsat 8 products. The advantages are manifold. First, it takes advantage of the freely available Landsat 8 data archives. Second, the method exploits the already-orthorectified Landsat 8 dataset, which is a standard Landsat 8 product, readily available on Landsat 8 archives. Third, the method could be adapted to the Copernicus Sentinel 2 data, a staggered sensor for which the products available to general public are orthorectified (similar to Landsat 8) . The synergetic use of multiple sensors could improve the revisit time over a given volcanic eruption. It represents a step towards the routine monitoring of volcanic plumes height from space, at high spatial resolution.
The VCTH retrievals obtained from the geostationary SEVIRI and the polar MODIS satellite instruments indicate a good agreement with the Landsat VCTH product.
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